Highlights d LPLC2 and LC4 are the primary direct visual inputs to the giant fiber (GF) Ache et al. show that the Drosophila giant fiber descending neuron integrates synaptic input from LPLC2 and LC4 visual feature-detecting neurons to drive escape from approaching objects, such as an attacking predator. LPLC2 input to the giant fiber encodes the angular size of an approaching object, whereas LC4 input directly encodes looming speed.
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In Brief
Ache et al. show that the Drosophila giant fiber descending neuron integrates synaptic input from LPLC2 and LC4 visual feature-detecting neurons to drive escape from approaching objects, such as an attacking predator. LPLC2 input to the giant fiber encodes the angular size of an approaching object, whereas LC4 input directly encodes looming speed.
Identified neuron classes in vertebrate cortical [1] [2] [3] [4] and subcortical [5] [6] [7] [8] areas and invertebrate peripheral [9] [10] [11] and central [12] [13] [14] brain neuropils encode specific visual features of a panorama. How downstream neurons integrate these features to control vital behaviors, like escape, is unclear [15] . In Drosophila, the timing of a single spike in the giant fiber (GF) descending neuron [16] [17] [18] determines whether a fly uses a short or long takeoff when escaping a looming predator [13] . We previously proposed that GF spike timing results from summation of two visual features whose detection is highly conserved across animals [19] : an object's subtended angular size and its angular velocity [5-8, 11, 20, 21] . We attributed velocity encoding to input from lobula columnar type 4 (LC4) visual projection neurons, but the sizeencoding source remained unknown. Here, we show that lobula plate/lobula columnar, type 2 (LPLC2) visual projection neurons anatomically specialized to detect looming [22] provide the entire GF size component. We find LPLC2 neurons to be necessary for GF-mediated escape and show that LPLC2 and LC4 synapse directly onto the GF via reconstruction in a fly brain electron microscopy (EM) volume [23] . LPLC2 silencing eliminates the size component of the GF looming response in patch-clamp recordings, leaving only the velocity component. A model summing a linear function of angular velocity (provided by LC4) and a Gaussian function of angular size (provided by LPLC2) replicates GF looming response dynamics and predicts the peak response time. We thus present an identified circuit in which information from looming feature-detecting neurons is combined by a common post-synaptic target to determine behavioral output.
RESULTS AND DISCUSSION
LPLC2 Visual Projection Neurons Are Required for Giant Fiber (GF)-Driven Escape Responses LPLC2 (lobula plate/lobula columnar, type 2) neurons belong to a class of visual projection neurons whose outputs form optic glomeruli in the central brain [24, 25] . Each of the $20 optic glomeruli is formed by axon terminals from one type of visual projection neuron, and different types are proposed to detect different visual features and feed into distinct motor pathways [24, [26] [27] [28] . One class of visual feature that is crucial for most animals to detect is looming, the rapid expansion of an object's image on the retina that signals the imminent threat of an approaching object, such as a predator. LPLC2 are implicated in the control of looming-evoked escape in Drosophila: they are strongly tuned to looming stimuli, their activation drives a fly to take off, and their silencing reduces takeoff rates in response to moderate looming speeds [22] . Whether and how LPLC2 contribute to the GF response to looming, however, is unclear.
To test whether LPLC2 are an integral part of the GF escape pathway, we silenced LPLC2 neurons and quantified the duration of the takeoff sequence evoked by a looming stimulus in unrestrained flies. Drosophila escape from looming stimuli by one of two different modes: a short-mode takeoff without prior wing movement that requires GF activation ( Figure 1A ) or a longmode takeoff sequence of wing elevation followed by leg extension that does not require the GF [13, 30] . The short-mode takeoff lets flies escape a predator more quickly, whereas the long-mode takeoff is more stable, but takes longer to execute [13] . Using a high-throughput behavioral apparatus (FlyPEZ [31] ), we quantified individual escape responses of 1,811 transgenic flies. LPLC2 neurons were genetically silenced using the GAL4-UAS system [32] with LPLC2-specific ''split-GAL4'' [33] promoters (''LPLC2,'' Figures 1B-1D) driving expression of either TNT (tetanus toxin light chain) [34] , a blocker of synaptic transmission, or Kir2.1 [35] , a hyperpolarizing, inward-rectifying potassium channel. A driver line with the same genetic background but no expression in the nervous system (''Empty,'' Figures 1B-1D ) served as the control. Flies were shown looming stimuli that mimicked the constant-velocity approach of a predator [13] . For these stimuli, the time course of the visual angle subtended by the virtual object can be characterized by its size-to-velocity (A) Looming stimuli are the 2D retinal projection of a virtual object with radius, r, approaching the fly with constant velocity, v. r/v defines the dynamics of retinal angular disk size, q, during expansion [29] . Individual flies respond to looming stimuli with a takeoff. The graphic shows the short-mode takeoff.
(legend continued on next page) ratio (r/v, Figure 1A ) [29] . Figures 1C and 1D) . We conclude that LPLC2 are required for GF-driven (short-mode) escape from looming stimuli, suggesting that LPLC2 neurons provide excitatory input to the GFs during looming.
LPLC2 and LC4 Visual Projection Neurons Are Directly
Presynaptic to the GF Synaptic contact from LPLC2 and LC4 (lobula columnar type 4) visual projection neurons to the GF was previously inferred from their overlap with GF dendrites in confocal microscopy images ( Figure 1E ) and from optogenetic activation of LPLC2 or LC4, which drove a short-latency GF depolarization [19, 22] . To confirm this connectivity and quantify synaptic inputs from LPLC2 and LC4, we reconstructed the complete GF and the axon terminals of the LPLC2 and LC4 populations in the right hemisphere of an adult Drosophila whole-brain electron microscopy volume [23] ( Figure 1F ; Video S1). LPLC2 and LC4 neurites were traced with enough detail to positively identify each neuron type [24] . The GF has three primary dendrites in the brain, which we label medial, lateral, and anterior (m, l, and a in Figure 1G ). 55 LC4 and 108 LPLC2 neurons synapse directly onto the GF, exclusively at its lateral dendrite, forming a total of 2,442 LC4 and 1,366 LPLC2 synapses ( Figure 1H ; Video S2). These are more LPLC2 and fewer LC4 neurons than previously counted by confocal microscopy [24] , suggesting that some LC4 neurons may not synapse onto the GF. Synapses from both cell types occurred on dorsal and ventral sub-branches of the lateral dendrite but segregated along the dendrite's distal-proximal axis, with LPLC2 synapses more distal, LC4 synapses more proximal, and interspersing of the two limited to small regions near the sub-branch tips ( Figure 1I ). Thus, LPLC2 and LC4 inputs are pooled on the same dendritic GF sub-branches but form a gradient along the distal-proximal axis.
Only six other visual projection neurons synapsed directly onto the GF, and these had relatively low synapse counts (1, 1, 3, 4, 6, and 8 synapses, respectively). Thus, LPLC2 and LC4 contribute 99.4% of the GF's direct-input synapses from the optic lobe. Unexpectedly, we also encountered synapses from LPLC2 directly onto LC4. Although it was not possible from our traced data to provide an accurate estimate of the numeric strength of the LPLC2 to LC4 connection, the relatively large number of synapses we identified serendipitously (>175) suggests that LPLC2 are a strong input to LC4.
Supralinear Summation of LPLC2 and LC4 Input Comprises the Excitatory GF Looming Response
We previously determined that LC4 input provides only one component of the excitatory GF response to looming objects [19] . We hypothesized that LPLC2 neurons, the only other visual projection neuron type strongly and directly connected to the GF, provide the remaining excitatory drive (Figure 2A) . To test this, we performed experiments complementary to the previous LC4 silencing experiments [19] : recording GF looming responses via whole-cell patch clamp in LPLC2-silenced flies using the same setup and protocols ( Figure 2B ). To quantitatively compare results across the two studies, we used the LC11-silenced control data from [19] for our analysis, which matched, in form and amplitude, the control GF responses recorded in this study ( Figure 2C and Figure S2 ). LC11 is not presynaptic to the GF ( Figure 2A [19] ), so LC11-silenced flies have an intact GF circuit and the same genetic background as experimental flies.
Looming stimuli evoke a complex GF response that, at the peak of depolarization, may result in a single spike ( Figure 2C ) sufficient to drive an escape jump. In LC11 3 Kir control flies ( Figure 2D , black), the looming onset drives a rapid transient GF depolarization. As the looming disk expands, the GF depolarizes gradually ( Figure 2D , arrow E) but then repolarizes, ending with a tonic hyperpolarization (arrow F) that persists while the disk remains at maximum size (90 ) and terminates with an inhibitory transient when the disk disappears (arrow G). Silencing LPLC2 significantly reduced excitatory GF responses to looming ( Figure 2D ) across all looming r/v values ( Figure 2E ), but it did not alter either the mean tonic hyperpolarization (Figure 2F ) or off-transient peak ( Figure 2G ). These results suggest that LPLC2 contribute a large portion of the excitatory GF looming response, but they do not contribute to the inhibitory components.
To test our hypothesis that LPLC2 and LC4 constitute the only major excitatory inputs driving GF responses to looming stimuli, we summed the average GF response to a given looming stimulus measured in the LPLC2-silencing experiment with the average GF response to the same stimulus in the LC4-silencing experiment (from [19] ) and compared the sum to the control response ( Figure 2H ). The sum of the two silencing experiments includes the following components: LPLC2 input (from the LC4-silencing experiments), LC4 input (from the LPLC2-silencing experiments), two times the tonic hyperpolarization component (one from each experiment), and two times any other excitatory or inhibitory inputs ( Figure 2H , schematics on left). The residual from subtracting this sum from the control response, which includes each component once, represents any input that is not mediated by LC4 or LPLC2 ( Figure 2H , schematics on left).
(B) Mean takeoff fraction ± 95% confidence interval in control (empty 3 TNT, empty 3 Kir) and LPLC2-silenced (LPLC2 3 TNT, LPLC2 3 Kir) flies. (C) Distribution of takeoff durations for flies in (B) normalized to total fly numbers; short-mode takeoffs have a duration of <6.87 ms [13] . 
(legend continued on next page)
The residual was negative or close to zero throughout the response, indicating that any additional input beyond LPLC2 and LC4 must be inhibitory and/or that the integration of LPLC2 and LC4 inputs is supralinear, such that concurrent activation of LPLC2 and LC4 in control flies results in stronger drive than do their separate activation in LC4/LPLC2-silenced flies. We previously showed that the tonic hyperpolarization does not depend on LC4 because the size tuning of its amplitude in response to static disks is unchanged between control and LC4-silenced conditions [19] . To test if this component was similarly independent of LPLC2, we measured the GF response of LPLC2-silenced flies to static disks of different angular sizes that appeared and remained on the screen for 1 s (Figures 2I, S3A, and S3B). The amplitude of the resulting tonic hyperpolarization was size tuned, and it was nearly identical to that in LC4-and LC11-silenced flies ( Figure 2J ), confirming that the hyperpolarizing component derives from inhibitory GF input neurons independent from LPLC2 or LC4.
To determine whether a supralinear sum of LPLC2 and LC4 excitatory inputs plus the LPLC2/LC4-independent tonic hyperpolarization could account for the GF looming-response dynamics, we estimated the dynamics of the size-dependent hyperpolarization during looming ( Figure 2K ) by convolving the instantaneous stimulus disk size for a given looming stimulus with a fit to the average response to static disk presentations ( Figure S3C ). We next subtracted this estimated size-dependent hyperpolarization from the LPLC2-silenced and LC4-silenced GF response for each looming stimulus and used two-parameter least-squares approximations to find weights for the LPLC2 (the LC4-silenced response) and LC4 (the LPLC2-silenced response) components that best matched the mean control response across all r/v values tested (see STAR Methods). Use of optimal weights of 1.1 and 1.5 for the LPLC2 and LC4 components, respectively, fit the control data very well (R 2 = 0.93 ± 0.03 across r/v values, Figure 2K ). Thus, supralinear summation of LPLC2 and LC4 inputs can account for the entire excitatory drive to the GF during looming.
Supralinear summation during concurrent LPLC2 and LC4 activation could occur either within the GF's lateral dendrite or presynaptic to the GF. In particular, LPLC2 may increase LC4 visual responses via its synapses onto LC4 ( Figure 1H ) such that silencing LPLC2 indirectly decreases the drive from LC4 to the GF, which could explain why the LC4 component (LPLC2-silenced response) needed more weight than the LPLC2 component in the supralinear summation. Alternately, if Kir2.1 more effectively silenced LPLC2 than LC4, we may have underestimated the LC4 contribution. This analysis strongly supports LPLC2 and LC4 as the two primary excitatory inputs contributing to the GF response to looming in the stimulus regime we explored.
The GF Receives Angular-Size Input from LPLC2 and Angular-Velocity Input from LC4 During Looming Our previous analysis suggested that LC4 input to the GF encodes looming angular velocity as a high-pass filter, whereas the excitatory component remaining upon LC4 silencing encodes angular size in a non-monotonic fashion, such that the peak response occurs at a consistent angular-size threshold around 40 [19] . If LPLC2 and LC4 are the only excitatory looming inputs to the GF, then this non-LC4 component must derive from LPLC2 activity. This can be tested by silencing LPLC2 (the size component) and examining whether GF looming responses then depend only on angular velocity. The LPLC2-silenced GF membrane potential depolarization appeared to match the time course of looming angular velocity for each r/v ratio ( Figure 3A ). To measure if there was a consistent velocity-GF membranepotential relationship across different stimuli, we plotted the instantaneous GF membrane potential against the instantaneous angular velocity for all looming stimuli. The relationship was well approximated for all r/v ratios (R 2 = 0.66) by a linear fit through the origin ( Figure 3B ), suggesting that LC4 input to the GF is directly proportional to the angular velocity of the looming stimulus. In contrast, there was no consistent relationship between the GF membrane potential and stimulus size after LPLC2 silencing ( Figure 3C ).
To directly measure the velocity tuning of the GF in LPLC2-silenced flies, we presented disks expanding with different, constant angular velocities ( Figure 3D and Figure S3D ). In these experiments, the GF peak depolarization also depended linearly on the angular velocity ( Figure 3E ). LPLC2 silencing reduced GF responses to slower angular velocities compared to controls ( Figure 3F ), whereas LC4 silencing specifically reduced GF responses to faster angular velocities ( [19] , Figure 3F ). Furthermore, the slower velocity tuning in LC4-silenced flies matched the velocity tuning of individual LPLC2 neurons, which, though they encode looming size, require looming motion to be active [22] . Taken together, our results provide strong support for a model in which LPLC2 and LC4 provide complementary GF inputs, with LPLC2 providing the looming size and LC4 providing the looming velocity component. 
GF Responses Can Be Modeled by Summation of the Optical Variables r and h
There is remarkable convergence in which optical variables of looming stimuli are encoded across species. In particular, neurons encoding a retinal angular size threshold (h neurons) or angular expansion velocity (r neurons) have been found in animals from insects to mammals [5-8, 11, 20, 21, 36] . We previously proposed that the GF looming response is comprised of r-like input from LC4 neurons and h-like input from an unknown source [19, 36] . Here, we establish that LPLC2 neurons comprise the unknown source and thus provide h-like input to the GF. Silencing LPLC2 allowed direct measurement of the LC4 contribution (Figure 3) , and we determine that LC4 act as true r neurons, which have not previously been described in insects [20] . We thus propose that r-and h-like functions are summed supralinearly within (or just presynaptic to) the GF and that their summation determines the GF peak response time, when a spike driving the fly's escape jump is most likely to occur ( Figure 4A ). To test this model, we compared peak GF response times across r/v values in control, LPLC2-silenced, and LC4-silenced flies (Figure 4B) . A perfect r neuron's peak response time is linearly related to the r/v ratio with a shallow slope ( Figure 4B , blue dotted line), since the angular velocity peaks at the maximum stimulus size, in this case 90
. A perfect h neuron peaks at a particular threshold stimulus size, 42
in case of the GF h component [19] , and so has a steeper linear relationship with r/v ( Figure 4B , red dotted line). As predicted by our model, the control GF response, which is a combination of r-and h-like inputs, peaks at times intermediate to those predicted by a perfect r or h neuron ( Figure 4B , black). LC4 silencing (LPLC2 input only) shifts GF response times to match h predictions ( Figure 4B , orange solid line), and LPLC2 silencing (LC4 input only) shifts GF response times to match r predictions ( Figure 4B , blue solid line). In a further confirmation of this model, summing r-and h-like functions to predict the changes in GF membrane potential during a looming stimulus fit the time-course dynamics of the GF response across r/v values when we also include two empiricallymeasured inhibitory components: the tonic hyperpolarization at large disk sizes ( Figures 2J and 2K ) and a small, LC4-dependent hyperpolarization at small disk sizes ( Figure 4C ) (measured in [19] ). This model also fit the GF response to non-looming stimuli, such as disks expanding at a constant velocity ( Figure S4 ).
Since we can now attribute the GF size-tuned component to LPLC2, future experiments should derive the precise computation of this h-like component based on inherited properties from its T4/T5 motion-direction-selective input [22] . The tonic hyperpolarization inputs should also be identified. These have size tuning similar to that of inhibitory visual projection neuron inputs to a looming-sensitive neuron in the locust [37] , but in Drosophila, the inhibitory inputs likely arise from interneurons receiving input from visual projection neurons, since we find few direct non-LC4/LPLC2 visual projection neuron synapses onto the GF. Interneurons may also provide additional excitatory input to the GF that provides visual information for non-looming stimuli not tested here.
Taken together, our results show how the response of a neuron driving escape jumps emerges from the summation of input from two cell types, LPLC2 and LC4 visual projection neurons, each of which represents a different classical model for looming detection (r and h). The GF circuit combines this angular size and speed information to determine GF spike timing in response to objects approaching on a collision course with different speeds, such as hunting predators. GF spike timing in turn dictates the timing of vital escape jumps and the choice of a short-mode or long-mode escape, which determines the probability of survival. Thus, action selection occurs directly postsynaptic to visual projection neurons in the Drosophila escape system, via integration of two different features of visual looming stimuli.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila melanogaster were reared on standard cornmeal fly food and kept at 22 C and 50% humidity on a 16-hour light/8-hour dark cycle throughout development. Fly driver lines were crossed with fly effector lines (see below) as indicated in each figure, and the 3-5 day old progeny used for experiments. To genetically silence LPLC2 and LC4 we used split-GAL4 [33, 39] driver lines, which were specific for the respective population of neurons. For behavioral experiments in Figure 1 , the Empty [38] split-GAL4 line was used to generate genetic controls because it has no expression in the nervous system, but was constructed in the same way as the other REAGENT 
R75G12_ZpGdbd (attP2) [ 
24] OL0048B
'LC4': R47H03_p65ADZp (attP40); JRC_SS00315 R72E01_ZpGdbd (attP2) [ 
24] SS00315
'LC11': 22H02_p65ADZp (attP40); R20G06_ZpGdbd (attP2) [ 
24] OL0015B
'Empty': R24A03-p65ADZp (attP40); R74C01-ZpGDBD (attP2)
[38] SS01062
'Kir': pJFRC49-10XUAS-IVS-eGFPKir2.1 (attP2) [ 13, 39] n/a
'GF-GFP_UAS-Kir': w; 68A06-LexAp65 (VK00022), pJFRC57-13XLexAop2-IVS-GFP-p10 (su(Hw)attP5)/ (CyO); pJFRC49-10XUAS-IVS-eGFPKir2.1 (attP2)/ (TM6b) this paper n/a 10XUAS-IVS-myr::smGFP-HA in attP18, 13XLexAop2-IVS-myr::smGFP-V5 in su(Hw)attP8 Figures 2, 3 , and 4, the LC11 split-GAL4 line was used to generate genetic controls because LC11 does not synapse onto the Giant Fiber [19] , but still expresses in a visual projection neuron population.
The following parental fly lines were used to generate experimental flies for the data presented in this study:
'GF-GFP_UAS-Kir': w; 68A06-LexAp65 (VK00022), pJFRC57-13XLexAop2-IVS-GFP-p10 (su(Hw)attP5)/(CyO); pJFRC49-10XUAS-IVS-eGFPKir2.1 (attP2)/(TM6b), (this paper)
Behavioral experiments in Figure 1 used the LPLC2 and Empty split-GAL4 lines crossed to Kir or TNT. For LPLC2 x Kir GF recordings in electrophysiological experiments (Figures 2, 3, and 4) , the GF-GFP_UAS-Kir recombinant was crossed to the LPLC2-split GAL4 line so that we could target the GFP-expressing GF soma. GF x GFP control recordings ( Figure 2C and Figure S1 ) were performed using the GF split-GAL4 line crossed to GFP. GF recordings in [19] were mostly acquired using split-GAL4 driver lines without GFP expression in the GF. GFP expression does not affect GF responses ( Figure S2 [13] ).
METHOD DETAILS
Light microscopy images Light-microscopy images in Figure 1E were generated by overlaying registered and aligned z-projections of the brains from three different split-GAL4 lines (''LC4,'' ''LPLC2,'' ''GF,'' as above) crossed to a 10XUAS-IVS-myr::smGFP-HA in attP18, 13XLexAop2-IVS-myr::smGFP-V5 in su(Hw)attP8 reporter line and processed for anti-GFP staining. The protocols for staining can be found at https://www.janelia.org/project-team/flylight/protocols. Brains were aligned using the anti-Brp reference pattern, following previously published methods [43] , and overlaid in ImageJ (W.S. Rasband, National Institutes of Health, Bethesda, MD; https://imagej. nih.gov/ij/). LPLC2 and LC4 expression is bilaterally symmetric, however, for clarity, we cropped the LPLC2 and LC4 images at the midline of the brain before overlaying them with GF, and thus show LPLC2 neurons from the right optic lobe and LC4 neurons from the left optic lobe only.
Neuron reconstruction in EM volume
We traced the GF, LPLC2, and LC4 neurons in the right hemisphere of a serial section transmission electron microscopy volume of the full adult female Drosophila brain (FAFB [23] ) using previously published software and methods [44] . In brief, we traced individual neurons using the web-based CATMAID software (https://catmaid.readthedocs.io/en/stable/ [45, 46] ). The right-hemisphere GF was traced out to completion. We identified its inputs by tracing back all neurons that were presynaptic, based on previously-established criteria for a chemical synapse [23] . All LPLC2 and LC4 neurons presynaptic to the GF were traced out until they were unambiguously identifiable. Thus, we accounted for all LPLC2 and LC4 neurons that are presynaptic to the right GF. Neuron identity was confirmed by comparison of traced neurons to light-microscopy image stacks [24] , in particular their input structure in the Lobula and Lobula Plate layers, and their projection patterns in the central brain. We also used landmarks within the EM volume from previous tracing efforts to aid identification. Histograms of synapse distributions were generated in MATLAB from three-dimensional synapse location coordinates exported from CATMAID. Synapse counts for LPLC2 onto LC4 are based on near-complete reconstruction of several LPLC2 and LC4 neurons.
Electrophysiology GF recordings were performed using the same visual stimulus protocols, display system, and electrophysiology setup we used previously, such that the data presented here are directly comparable to previously published GF recordings in LC4-silenced flies [19] . We used previously described methods [13, 19, 47] for in vivo whole-cell patch clamp recordings in behaving flies. In brief, three to five day old female progeny of driver lines crossed to GF-GFP_UAS-Kir2.1 were cold-anesthetized at 4 C and mounted on a pyramidal fly holder using UV-glue. Their front legs were removed to eliminate interference with visual stimulation and recordings, and their antennae were glued to reduce mechanosensory GF inputs [48] . The brain was exposed in the region of the GF soma by opening a window in the cuticle of the posterior surface of the head capsule. The brain was continuously perfused with fly extracellular saline during recordings (103 mM NaCl, 3 mM KCl, 5 mM N-Tris (hydroxymethyl)methyl-2-aminoethane-sulfonic acid, 8 mM trehalose, 10 mM glucose, 26 mM NaHCO3, 1 mM NaH 2 PO 4 , 1.5 mM CaCl 2 and 4 mM MgCl 2 , adjusted to 273-275 mOsm, pH 7.3), which was held at 22 C and bubbled with 95% O 2 /5% CO 2 [13, 49] . We locally applied Collagenase (5% or 2.5% in extracellular saline) with a blunt patch-pipette to render the tissue over the GF soma penetrable and disrupt the perineural sheath. The right GF, which was ipsilateral to the visual stimulus spherical projection screen, was visually targeted via brief GFP excitation and recorded using thick-walled patch electrodes with tip-resistances between 4 and 8 MU filled with intracellular saline (140 mM potassium aspartate, 10 mM HEPES, 1 mM EGTA, 4 mM MgATP, 0.5 mM Na 3 GTP, 1 mM KCl, 20 mM Alexa-568-hydrazide-Na, adjusted to 260-275 mOsm, pH 7.3). Recordings were accepted for analysis if a seal resistance R8 GU was achieved before breaking in, and if the resting membrane potential was below À55 mV. Recordings were acquired in current clamp mode with a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA), low-pass filtered at 10 kHz, and digitized (Digidata 1440A, Molecular Devices, Sunnyvale, CA) at 20 kHz. No holding current was injected throughout. Intracellular traces were not corrected for a 13-mV liquid junction potential.
Visual stimulation for electrophysiology
For visual stimulation, we used A DMD projector without a color wheel running at 360 Hz (developed by A. Leonardo and Lightspeed Design; model l WXGA 360, see [13] for details), controlled by MATLAB (Mathworks, Natick, MA) using the Psychophysics Toolbox [41] . Stimuli were back-projected at 768 3 768 resolution onto a 7-inch diameter hemisphere coated with back projection paint (ScreenGoo, Goo Systems Global, Ontario, Canada).
Dark on white looming disk stimuli were projected at 11 elevation and 50 azimuth relative to the fly's head position and expanded from 10 to 90 . For looming stimuli, the disk center remained constant while the disk radius increased nonlinearly over time according to a model based on an object approaching the fly at a constant velocity [29] :
where q(t) is the angular size of the stimulus (in radians), r/v is the half size to approach speed ratio (in ms), and t = 0 at the virtual time of contact, when the object would reach 180 , such that t < 0 during object expansion (See Figure 1A) . Constant angular velocity stimuli were generated using:
where q(t) is the angular size of the stimulus, v a is the angular velocity, and q = 0 at t = 0. All stimuli were corrected for distortion and irradiance differences due to projection. For additional wild-type GF control experiments in Figure 2B and Figure S1 , looming disks were presented at 45 azimuth and 45 elevation and expanded from 5 to 90 with r/v values of 10, 40, 70, 100 and 140 ms. Each stimulus was presented three to four times. Visual stimuli were randomized, and the inter-stimulus interval was 10 s.
Behavioral experiments in the FlyPEZ
Videos of freely behaving flies responding to looming stimuli were recorded at 6000 Hz using the FlyPEZ high throughput behavioral assay [31] . In brief, 1,811 individual flies were released, one-by-one onto a 5 3 5 mm transparent platform and exposed to visual looming stimuli. Side and ventral views of each fly were recorded under 740 nm infrared illumination. Visual stimuli were presented on 6-inch diameter back projection coated domes, using the same projectors, software and parameters used for electrophysiology experiments. The domes covered 360 in azimuth and 120 in elevation of the fly's visual field. Fly position on the platform was tracked in real-time, and the looming stimulus was presented according to the fly's real-time azimuthal orientation. The final position (median and interquartile range) of the looming stimulus relative to the fly was 11 elevation (fixed), and 51 ± 15 azimuth for LPLC2 x TNT, 51 ± 12 azimuth for Empty x TNT controls, 51 ± 13 azimuth for LPLC2 x Kir, and 51 ± 12 azimuth for Empty x Kir controls. Looming disks expanded from 5 to 90 . A single looming stimulus was presented per fly, and the platform was cleared before release of the subsequent fly, if the stimulus did not elicit an escape jump. All experiments were performed during the $4h-long activity peak before lights-off in the flies' light cycle. Takeoffs were scored automatically and inspected manually. Takeoff duration was annotated manually, by labeling the first frame of wing raising and the last frame of tarsal contact. The escape duration data was pooled across all looming stimulus r/v values.
GF Model
We previously proposed a model [19] to predict the change in GF membrane potential during looming stimuli by combining four input components derived from our analysis of GF recordings in LC4-silenced flies (LC4 x Kir). Here we test whether that model still holds if we replace the previous model's velocity component with a velocity component based on the LPLC2 x Kir response, which represents the excitation from LC4. Since the GF membrane potential in LPLC2-silenced flies depended linearly on the stimulus velocity ( Figure 3B ), this V LC4 component was a true angular velocity (r) encoder. We therefore approximated V LC4 with a scalar multiplied by the angular velocity (a linear function of angular velocity passing through the origin):
To empirically determine C 1 , we fit a line through the origin to the mean LPLC2 x Kir response to looming across r/v values (see Figure 3B ). The sensory delay (d 1 ) was measured from the latency from the time of disk appearance to the transient GF response in LPLC2 x Kir GF recordings to, which was 19 ms (see Figure 3A) , resulting in C 1 = 0.0002567 and d 1 = 0.019 s.
The remaining three model components were based on the previously proposed GF model [19] . The second component, V LPLC2 , was a Gaussian function of the instantaneous angular size (q(t)) conveyed to the GF via excitatory LPLC2 inputs:
For looming stimuli, this function had a similar shape as one that is composed from a multiplication of size and velocity functions [29] , but, because the h function did not fit our results for linearly-expanding stimuli, we modeled the h-like curve empirically as a Gaussian fit to the mean GF looming response in LC4 x Kir flies, after shifting the data to account for a sensory delay (d 2 ), which we here set to 19 ms to match d 1 . The coefficients from the fit, as derived in [19] , are C 2 = 1.7, C 3 = 42, C 4 = 0.52 and d 2 = 0.019 s. Like the h function, this Gaussian model still acts as a size-threshold encoder, predicting peak response when the looming stimulus reaches an angular size of 42 . The third component was an angular size-dependent inhibitory component, V i1, that produced a tonic hyperpolarization at the end of our looming stimuli, when the 90 disk remained on the screen. This component was unaffected by LC4 or LPLC2 silencing, indicating it derived from an independent input source. We modeled V i1 as a sigmoid fit to the mean GF response during static disk presentation, according to [19] :
V i1 = C 5 + C 6 1 + e
With C 5 = À0.53, C 6 = 0.59, C 7 = 66, C 8 = À11 and d 3 = 0. 0375 s. A fourth, relatively small LC4-dependent inhibitory component V i2 was modeled based on a Gaussian fit to the LC4 component of the GF response to an 100 /s angular velocity stimulus with respect to the time delayed (d 4 ) size of the stimulus, according to [19] : 
With C 9 = À0.52, C 10 = 26, C 11 = 7.8 and d 4 = 0.011 s, as derived in [19] . The final GF membrane potential (V GF , see Figure 4C ) was modeled as the weighted sum of all four components, following:
With W LPLC2 = 1.45, W LC4 = 1.62, W i1 = 2.27 and W i2 = 1. Weights for LPLC and LC4 were determined by least-squares optimization (see Figures S4B and S4C ), while the weights for the inhibitory components were adopted from [19] . The modeled GF response was smoothed using a 2.5-ms time window.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data analysis was performed in MATLAB. Statistical tests used and p values are noted in the main text, the figures, or figure captions. GF responses were lowpass-filtered, using MATLAB's ''smooth'' function and a 10-ms sliding window. For peak-time estimates in Figure 4B , a 1-ms smoothing window was used. To estimate the tonic hyperpolarization during static disk presentation after looming stimuli ( Figure 2F ), the GF membrane potential was averaged over a 100-ms window starting at 1 s after stimulus onset.
To estimate the tonic hyperpolarization in response to the stimulus set of appearing disks subtending different angular sizes, the GF membrane potential was averaged in a 200-ms window starting 200 ms after the disk appeared on the screen ( Figure 2J ). We only analyzed trials in which the GF did not fire an action potential, since postsynaptic sub-threshold membrane potential changes are indicative of the presynaptic drive [19, 50] . Previously published LC11 x Kir controls and LC4 x Kir raw data from [19] were re-analyzed using the same parameters used for LPLC2 x Kir flies, such that all datasets were directly comparable. To determine whether a weighted sum of LPLC2 input (measured in LC4-silenced responses) and LC4 input (measured in LPLC2-silenced responses) replicated full GF responses (Figure 3l) , we iterated through different weights for both silenced responses and subtracted any superfluous hyperpolarizing inhibitory components from their weighted sum before calculating the coefficient of determination, R 2 , relative to LC11 x Kir control responses for each set of weights. The optimal weight combination (largest R 2 -value) for both response components was determined for each looming r/v value separately, before weights were averaged across all r/v values to determine the final, optimal weights. R 2 -values reported in Figure 3 were calculated using the final optimal weights. For example, at the final optimal weights of 1.5 (LPLC2 x Kir) and 1.1 (LC4 x Kir), we subtracted the hyperpolarizing component 1.5 times from the LPLC2 x Kir response, and 1.1 times from the LC4 x Kir response, and then added one hyperpolarizing component back in. This way, optimal weights for LPLC and LC4 input were determined by least-squares optimization.
DATA AND SOFTWARE AVAILABILITY
The GF input model will be deposited to ModelDB [42] . Information about and requests for data can be directed to and will be fulfilled by the Lead Contact, Gwyneth M. Card (cardg@janelia.hhmi.org).
